organic solar cells, 3 and organic field-effect-transistors (OFETs). 4, 5 However, most organic semiconductor devices suffer from low carrier mobility due to carrier scatterings caused by structural defects or grain boundaries. These problems occur in films with polycrystalline or amorphous structures. To reduce scattering in organic semiconductors, devices containing nano/micro-structured single crystals have been explored, [6] [7] [8] [9] and high photo-sensitivity, photo-responsivity, and external quantum efficiency (EQE) were obtained. Among organic semiconductor materials, perylene tetracarboxylic dianhydride (PTCDA) is a promising candidate for electronic devices. The high temperature stability, significant intermolecular interactions between p-electrons and highly ordered structures on a wide variety of substrates make it significant for optoelectronic device applications, such as photoconductors, 10 organic photovoltaic cells, 11 organic lightemitting diodes, 12 and organic thin film transistors. 13 Besides, the study of absorption, 14 electro-absorption, 15 photoluminescence, 16 and photoconduction 17 in PTCDA further provides an important pathway understanding the fundamental optical processes in organic semiconductors. However, similar to all other organic materials, PTCDA films show low electron mobility values of approximately 10 À5 -10 À4 cm 2 /Vs. 18 It was shown that in the absence of structural defects, large films containing single crystalline PTCDA exhibit one order of magnitude improvement in electron mobility; 19 however, the issue concerning grain boundary scattering is overlooked. Carrier scattering at grain boundaries inevitably limits the overall mobility of a film consisting of crystalline domains. In order to eliminate grain boundary scattering and explore the intrinsic mobility of PTCDA, single grain devices need to be examined. It is reported that crystalline PTCDA grains exist in two possible forms (a-and b-like structures) depending on their monoclinic unit cell parameters. 20, 21 We propose that for small grains (i.e., nanoparticles) the entire particle should be of a single crystalline structure. This has been justified for other organic semiconducting materials even for grains of micrometer size. [22] [23] [24] Most importantly, electronic devices containing only a single nanoparticle may be of particular interest as they possess several advantages over their 1D and 2D counterparts. An obvious advantage is the large surface-to-volume ratio, which promises high sensitivity with light illumination. Another advantage is the short conduction channel length, which can facilitate short carrier transferring time. Thus, we expect devices containing only a single nanoparticle will exhibit extraordinary enhancements in carrier mobility, which will lead to promising possibilities for new electronic and/or opto-electronic applications. In this work, a PTCDA nanoparticle is embedded in a nanopore structure. The particle is surrounded by a gate electrode and sandwiched between an ultrathin aluminum oxide (Al x O) insulator and aluminum (Al) electrodes at its top and bottom. Room temperature electron mobility is as high as 0.08 cm 2 /Vs, about 1 order higher than previously recorded values for PTCDA single crystal films. 19 In view of the absence of grain boundary scattering, we think that this value is approaching the intrinsic electron mobility of PTCDA. Furthermore, the device shows an EQE value of 3.5 Â 10 PTCDA powder (purity 97%, Sigma-Aldrich) was thermally deposited onto 30 nm-thick silicon nitride (Si 3 N 4 ) membranes in a vacuum chamber with a base pressure of 2.5 Â 10 À8 millibars. During evaporation, the substrate was maintained at 27 C, and the crucible temperature was kept at around 420 C, giving a deposition rate of $1 Å /s. Fig. 1 (a) shows that after vaporization of nominally 20 nm-thick PTCDA on the Si 3 N 4 membrane, well-separated spherical PTCDA nanoparticles were formed. Based on scanning electron microscope (SEM) inspections, the particle diameter determined from particle distribution ( Fig. 1(b) ) was about 80-85 nm. The crystalline properties of these nanoparticles were characterized by using X-ray diffraction (XRD), Raman spectroscopy, and Transmission electron microscopy (TEM). The XRD (with source: Cu Ka, k ¼ 1.5415 Å ) spectrum shown in Fig. 1 (c) displays a single diffraction peak around 2h ¼ 27. 5 , corresponding to diffraction from the (102) plane of the b-phase structure of single crystal PTCDA. 25 The single Gaussian peak has a full width at half maxima (FWHM) of 0.218
. In accordance with the Scherrer's formula, this FWHM implies a particle size of 75 nm. The b-phase PTCDA crystal is reconfirmed by Raman spectrum measurement with a light source of 532 nm. Fig. 1(d) shows the spectral region of the most prominent internal mode contribution from C-H bending in PTCDA. A Lorentzian fitting indicates a peak value of 1308.1 cm
À1
, which is a signature of b-PTCDA phase crystal structure. 25, 26 As a comparison, in a-phase PTCDA single crystal the Raman peak of C-H bending appears at 1302 cm À1 . 27 Finally, the selected area electron diffraction (SAED) pattern of a single nanoparticle, as shown in Fig. 1(e) , also clearly indicates highly crystalline structure of the nanoparticles deposited on Si 3 N 4 membranes.
The device structure and fabrication process are illustrated in Fig. 2 . Electron-beam lithography and reactive ionetching were employed to create a bowl-shaped pore on a 30 nm-thick silicon nitride (Si 3 N 4 ) membrane. Details of nanopore fabrication procedure can be found in Ref. 28 . The pore was surrounded by a volcano-shaped gate electrode made of 18 nm-thick Al. The gate electrode was covered by an 8 nm-thick Al 2 O 3 layer, which served as an insulating layer to prevent possible leakage to the top and bottom electrodes (to be made at a latter stage). The volcano structure on the membrane had a pore on the top with a diameter of about 44 nm, as shown in the SEM images in Fig. 2(a) . After fabrication of nanopores, PTCDA nanoparticles were thermally deposited on the bottom side of the nanopores, as illustrated in Fig. 2 (b). This deposition process was then followed by coating of ultrathin Al x O blocking layers onto both sides of the nanoparticle by oxidation of 0.6 nm-thick RF-sputtered Al layers using oxygen plasma. Subsequently, 30nm-thick Al top/bottom electrodes (Source/Drain) were DC-sputtered onto the blocking layers. The Al x O interface blocking layer was to prevent Al from diffusing into PTCDA and was crucial for the device's performance. The completed device structure is schematically illustrated in Fig. 2(c) . The surrounding gate structure yielded strong capacitive coupling to the nanoparticle.
To investigate in detail, the nanoparticle structure inside the nanopore, we made a TEM inspection of the nanoparticle using 3D-TEM tomography technique. In Fig. 2(d) , we show an SEM image of a PTCDA particle located inside the pore, which can be seen clearly in the reconstructed 3D-TEM images displayed in Figs. 2(e) and 2(f). From these images, diameter of the particle is found to be about 80 nm, also the opening of Si 3 N 4 pore is about 200 nm and the pore edge profile is roughly of S-shape. The particle is well-separated from the pore edge and its top is attached to the Al 2 O 3 surface on the bottom side of the Al-gate electrode. 25 devices were made in this work, but only about 8% of devices showed gate voltage (V g ) modulation of current-drain voltage (I-V ds ) curves, i.e., output characteristics. Failed devices that contained no nanoparticle normally exhibited resistances ranging between a few tens to $1 kX, and no gate modulation. This is attributed to the contact resistance between top and bottom Al electrodes with an uncontrolled contact area. The contact resistance decreased with decreasing temperature, which is a sign of metal contact. Contrarily, we show below that the devices with embedded nanoparticles display strikingly different behaviors such as high resistance (about 100 kX-1 MX), prominent gate modulation and increased device resistance upon cooling.
In this paper, we present data from two devices, which are denoted as devices A and B. Fig. 3(a) shows gate voltage modulation of current-drain voltage curves; the inset displays differential conductance G dI/dV ds as a function of V g for device A at 80 K. The measured data for the two devices at 300 K are also shown in Fig. 3(b) . The suppression of current at negative gate voltages (data range not shown here) indicates that the PTCDA nanoparticle is of n-type. The gate dependence of differential conductance is almost linear and is depicted in Figs. 3(a) and 3(b). In this linear operation regime, electron mobility is independent of V ds and can be evaluated using the following relation:
where L is the effective channel length. As argued in the supporting information, this length is roughly ffiffi ffi 2 p R, where R % 40 nm is the particle radius. To determine gate capacitance C g , the effective gate area is estimated in accordance with the illustration in Fig. S1 . 29 Although an accurate estimate of the contact area, and hence gate capacitance, is not possible, if we assume that the contact angle is 7-10 (corresponding to a tangential arc between 5-7 nm) and oxide thickness is 6-8 nm, C g can be estimated to be 8-15 aF (see supplementary material 29 for detailed calculations). Accordingly, we obtained an electron mobility value of 0.045-0.08 cm 2 /Vs at 300 K. Using the same approach, the mobility at room temperature for device B is determined to be 0.03-0.055 cm 2 /Vs. This value is 1 order in magnitude greater than the best reported value for single crystals 19 and 2-3 orders higher than those reported for polycrystalline films. 18 The high electron mobility values in our PTCDA device can be attributed to: (1) the elimination of grain boundary scattering because the nanoparticle is of single domain and (2) the prevention of hybrid layer through the use of Al x O. 30, 31 The hybrid layer is formed from the reaction between Al and anhydride (C-O) end group in PTCDA. 32 Temperature dependence of mobility is studied and displayed in Fig. 4(a) . Upon cooling, mobility first increases and then decreases. At around 80 K, which we refer to as T cr , the mobility reaches a maximum value of 0.5 cm 2 /Vs. T cr is the crossover temperature that separates high-temperature electron-phonon scattering from low-temperature Coulomb scattering mechanisms. The initial increase (at T > T cr ) is from suppression of electron-phonon scattering, which is a manifestation of a band-like transport mechanism. 33, 34 In organic semiconductor materials, band-like transport can only be observed in very pure organic single crystals. 35, 36 Below T cr , the mobility decreases dramatically and drops to about 10 À4 cm 2 /Vs at 30 K. But we note that at this temperature range the carrier concentration also decreases significantly as evidenced by the decrease in conductance with decreasing temperature in Fig. 4(b) . Because of the decreased carrier concentration, the screening effect is weakened, promoting Coulomb interaction between carriers, and reducing the carrier mobility. In addition, the impurity scattering gains importance at low temperatures and is also responsible for the reduced mobility. 35, 37, 38 Although similar mobility temperature dependence is observed for device B, the T cr appears at around 160 K, which is clearly higher than that of device A. This may be explained by carrier concentration in device B being lower than A, as indicated by the comparison between the activation energies in Fig. 4(b) . The difference in the carrier concentration may probably be attributed to unintentional and uncontrolled contaminations during the evaporations of PTCDA and/or Al x O. The low carrier concentration in device B results in strong electric-field screening, which, in turn, yields a higher T cr . Similar dependence of T cr on carrier concentration for organic single crystal was reported. 39 To explore the effects of high mobility on opto-electronic properties, the photo-response of devices is investigated. Illumination with photon energy above the energy bandgap of PTCDA excites excess carriers and enhances electric conduction. Here, the device is illuminated on the top side by an ultraviolet light emitting diode (UV-LED) with photon energy $3.0 eV (wavelength % 405 nm) higher than the bandgap of PTCDA (2.2 eV).
18,40 Fig. 5(a) shows dependence of device conductance and electron mobility on UV-light intensity. Interestingly, while conductance increases with light intensity, mobility decreases. This may be due to additional scattering by increased photon-induced excess carriers. EQE, 9, 41, 42 defined as the number of exited carriers induced by an incident photon and per unit time, can be determined by using the following equation:
where I ph is the photo-induced current and P ill is incident illumination power on the particle through the nanopore window. h, e, c, and k are Planck's constant, electron charge, speed of light, and incident light wavelength, respectively. Fig. 5 ). 42 The high EQE can be attributed 9, 41, 42 to large active surface area, short travelling distance and the intrinsically defect-free nature of single crystalline. The former two are due to nanoparticle geometry and the latter two help to reduce the recombination probability. It is also noted that EQE decreases with increasing light intensity. Similar behavior has been reported previously 8, 9 and attributed to the reduced electron mobility with increasing illumination power. The results of this study are in keeping with electron mobility's dependence on luminescence intensity. Fig. 5 (c) presents the results of the device's photoresponse time. It shows that photo-response switching behavior is stable, and decay time is independent of light intensity. The latter is obtained by fitting photocurrent response to a double exponential decay function in Fig. 5(d) . The fast and slow decay behaviors can be attributed to carrier relaxations via interband and interface state excitations, respectively. 43 However, we note that the decay time of these photo carriers is short compared to those of PTCDA thin-film literature reports, 43 implying fewer defects available for charge trapping. This suggests an absence of domain boundary scattering and explains the high mobility values obtained. This is further supported by crystalline organic semiconductors having a fast response time compared to polycrystalline films; for example, naphthalene tetracarboxylic dianhydride (NTCDA) 44 and other organic materials. [7] [8] [9] 45 In conclusion, we show that the electron mobility of PTCDA nanoparticles can be very high as 0.08 cm 2 /Vs at 300 K and 0.5 cm 2 /Vs at 80 K. These values may be approaching the intrinsic electron mobility of PTCDA. Temperature dependence of mobility peaks in line with previously reported peaking mechanisms for single crystal organic semiconductors. With such high mobility, the device also shows a fast response time. Its recorded high EQE value was 3.5 Â 10 6 . A single nanoparticle device eliminates the deleterious effects of defects and grain-boundary recombination. It also facilitates fast transfer times due to short travel distances. These characteristics greatly increase possible applications of organic semiconductors in electronic and opto-electronic devices.
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